In this study, calcined kaolin-white Portland cement geopolymer was investigated for use as biomaterial. Sodium hydroxide and sodium silicate were used as activators. In vitro test was performed with simulated body fluid (SBF) for bioactivity characterization. The formation of hydroxyapatite bio-layer on the 28-day soaked samples surface was tested using SEM, EDS and XRD analyses. The results showed that the morphology of hydroxyapatite was affected by the source material composition, alkali concentration and curing temperature. The calcined kaolin-white Portland cement geopolymer with relatively high compressive strength could be fabricated for use as biomaterial. The mix with 50% white Portland cement and 50% calcined kaolin had 28-day compressive strength of 59.0 MPa and the hydroxyapatite bio-layer on the 28-day soaked sample surface was clearly evident.
Introduction
A geopolymer is a three-dimensional aluminosilicate network formed by polycondensation of monomers − OSi(OH) 3 and Al(OH) 4 [1] . In the presence of high alkaline solution, SiO 2 and Al 2 O 3 from source materials leach out and react to form a geopolymer. Several source materials such as calcined kaolin, fly ash, bottom ash, and slag are used as starting materials to obtain high strength geopolymers [2] [3] [4] . Portland cement is also successfully used as a source material to produce geopolymer as it contains high silica and alumina [5] . To use geopolymer material as biomaterial, clean source material with minimum contamination is needed. Calcined kaolin (CK) with white color seems to be the best source material for this purpose. For the blend of source material, white Portland cement (WPC) with low iron and magnesium oxide obtained from specific process and fuel used in clinker manufacture [6] is a preferred choice.
Investigations of bioactivity on the surface of cementitious material such as WPC [7, 8] and aluminosilicate/inorganic polymer [9] [10] [11] [12] have been studied. Apatite-like layer forming on calcium silicate based material from WPC has been reported [7, 8, 13] . These bio-reactive apatite-like layers such as hydroxyapatite (HA) and hydroxyl carbonate apatite (HCA) are responsible for bone bonding [14] . In the system, the leached calcium hydroxide gives a high pH condition and enhances the apatite precipitations with the presence of calcium ions [8] . A high Si-OH group in calcium silicate materials promotes the HA precipitation through the increased nucleation sites [15] . For aluminosilicate/inorganic polymer, the studies on bioactive functional group on its surface were presented for both in vivo and in vitro studies [9] [10] [11] [12] 16] . However in this system, the high alkalinity condition was not conducive for the existence of HA and the cell [17] . For CK geopolymer, a study has indicated that the condition is not favorable for the formation of bioactive HA [16] . Therefore, co-existence of both calcium compound and Si-OH group is probably the favorable condition for precipitation of bioactive hydroxyapatite layer on the surface of materials. In addition, it has been reported that the curing temperature at 250-625°C of aluminosilicate materials lowers the pH from 10 to 7 and renders the condition more biocompatible [18] .
A number of researches on aluminosilicate material application for bone repair cement have been carried out, but poor strength and low bioactivity are still problems [9] [10] [11] [12] 19] . Previous works reported the enhancement of mechanical properties of geopolymer matrixes with the incorporation of Portland cement [20] . High compressive strength is preferable for material used for bone substitution. Moreover, both Portland cement and CK geopolymer contain calcium and Si-OH functional compounds. These compounds promote the precipitation of bioactive layer-like HA on the material surface [21] .
In this paper, the CK-WPC geopolymer was fabricated and tested for use as a bone-like material with suitable strength and bioactivity function. Simulated body fluid (SBF) was used to investigate the bioactivity of materials. The formation of bioactive layer-like HA was characterized with the aids of scanning electron microscopy (SEM), energy dispersive spectrometry (EDS) and X-ray diffraction (XRD) techniques. molds for compressive strength test and in 10 mm diameter and 2 mm disc molds for bioactivity test. Samples were wrapped with plastic film to protect moisture loss and were left for 1 h in a 23°C room and then cured at 23°C and 60°C for 24 h. The samples were then demolded, wrapped with plastic film and stored in a 23°C controlled room.
Test method
Immediately after the mixing of the geopolymer pastes, the initial and final setting times of pastes were measured using Vicat apparatus in accordance with ASTM C191 [24] . Compressive strengths of geopolymer pastes at the age of 7 days were tested in accordance with ASTM C109 [25] . Three 25 mm cube samples were used for the compressive strength test and the reported results were the average values. The relative pH values of hardened geopolymer pastes were also tested using 15 mg of paste ground and mixed with 150 cm 3 distilled water [26] . For apatite formation characterization, the soaked samples were dried in a desiccator and the surface structures were studied using JEOL JEM-5910LV scanning electron microscopy (SEM). The chemical compositions of the products were analyzed using energy dispersive spectrometry (EDS). The formed apatite layer was confirmed by crystallography technique using X-ray diffraction (XRD) method between 15.0-59.9916°2θ with 0.0229°step and step time of 240.5 s.
In vitro test
Simulated body fluid (SBF) with ion concentration similar to human blood plasma was prepared in accordance with the method given by Kokubo [22] . At the age of 7 days, the geopolymer paste discs were submerged in SBF solution in sealed plastic containers and controlled soaking environment of 37°C. The contact disc surface area to solution volume ratio was 0.1 cm −1 [23] . Soaking duration was 28 days to allow the formation of apatite layer on the sample surface. The pH levels of solutions were also monitored at 1, 3, 6, 12, 24 h and 7, 14, and 28 days. After removal from SBF, samples were gently washed with distilled water and kept dry in the desiccator. The SBF was not refreshed during the 28 day soaking period in order to lessen the chance of disturbing the samples.
Results and discussions

Properties of geopolymer
The results of setting times of CK-WC geopolymer pastes are shown in Table 2 and illustrated in Fig. 1a . The initial and final setting times of CK geopolymer were reasonable at 47 and 72 min. The incorporation of 25% WPC did not reduce both initial and final setting times of the geopolymer pastes. For increased incorporation of 50% and beyond, the initial and final setting times of pastes were reduced. For example, the initial setting times of geopolymer pastes with 0, 25, 50, 75 and 100% WPC were 47, 47, 35, 26 and 20 min, respectively. The reduction was due to the increase in calcium content as WPC contained a high CaO content (73.4%). The increase in calcium in the system, through the provision of extra nucleation sites for precipitation of dissolved species [27] , significantly accelerated the setting and hardening of the geopolymer [20, 28] . The calcium hydration products were formed and co-existed with the geopolymer products [29] . The fast setting of cement binders is desirable for bone repair material and dental cement [30] .
The results of the strength of geopolymer pastes as shown in Table 2 and Fig. 1b showed that the strength was affected by the incorporation of WPC and curing temperature. The compressive strengths of geopolymer pastes cured at 23 and 60°C were 45.4 and 49.9 MPa, respectively. High curing temperature of the geopolymer accelerates the strength development at the early age [31] . In this case, the difference in strength was not large as the alkali activation of CK was an endothermic process [32] and the geopolymerization of CK could thus proceed with the ambient 23°C curing temperature. In addition, the incorporation of a proper amount of WPC increased the strength of the geopolymer. The strength of the CK geopolymer cured at 23°C was 45.4 MPa and improved to 63.8 MPa with the incorporation of 50% WPC. Optimum calcium in geopolymerization caused the precipitation of calcium components viz., calcium silicate hydrate and calcium hydroxide and led to high compressive strengths [27, 33] . However, a high amount of WPC resulted in the reduction of compressive strength as the development of C-S-H was retarded due to the rapid removal of available Si from geopolymer formation [5] . For curing at 60°C, the optimum WPC of 50% was also observed with optimum strength of 55.0 MPa. In this case, the increase in strength was not as large as the case of 23°C curing. For high WPC content of 50%, the compressive strength gain was significant at the early age and noticeably slowed down at the later age [34] . High curing temperature adversely affected the strength development at the later age due to the modifications of microstructure of hydration products [35] .
The results of the test of relative pH of geopolymer pastes are shown in Table 2 . The relative pH values of geopolymer pastes increased with the increase in WPC content. The mixes with 0, 25, 50, 75 and 100% WPC cured at 23°C resulted in the relative pH values of 10.2, 10.6, 11.1, 11.2 and 11.6, respectively. Similar increases were also observed for the samples cured at 60°C. An increase in pH was caused by the increased amount of calcium since it reacted and formed calcium hydration products that created greater alkalinity than those obtained from geopolymerization [17] .
Bioactivity
Bioactivity property of the geopolymer was indicated by the pH change of SBF solution after immersion. The measured pH of SBF increased with soaking time. High pH level was observed for mixes with high WPC content as shown in Fig. 2 . The initial increases in pH of SBF solutions were noticeably different. The mix with 100% PC showed a high initial rate of increase of pH and a small tendency to increase after 24 h of soaking. On the other hand, the mix with 0% PC displayed a low initial rate of increase and also a small tendency to increase after 24 h of soaking. With regard to different curing methods, higher curing temperature at 60°C obviously showed lower pH increment than those with 23°C curing. The increase in pH of SBF was caused by the dissolution of Ca(OH) 2 from the geopolymer paste and contributed to the high alkalinity environment [8] . The high curing temperature increased the degree of geopolymerization and strength of paste [31] . For curing at low temperature, the geopolymerization was less advanced resulting in pastes with lower strengths with the remains of some alkali liquid in the gel and matrix pores [36] . This resulted in the high relative pH values for mixes with low temperature curing.
The surface morphology by SEM of samples soaked for 28 days is displayed in Fig. 3 . For 23°C curing, the mix with 0% PC showed no bio-layer formed on the surface as presented in Fig. 3a . However, for the PC25 mix, only a small amount of particles (both spherical and non-spherical shapes) was found deposited at the surface of the sample. For higher WPC content mix (PC50), the deposition of spherical particles of approximately 1 μm in diameter was clearly observed. The formed spherical particles were identified as the HA apatite bio-layer as indicated by the EDS spectrum of calcium and phosphate [7, 37, 38] on high magnification SEM as shown in Fig. 4b and c. For the PC100 mix, a small amount of spherical particles was also found at the surface of the sample as shown in Fig. 3a .
For 60°C curing, the formation of apatite was observed for mixes PC25, PC50 and PC100 as shown in Fig. 3b . The morphology of apatite on PC50 and PC100 surfaces was significantly different from that of the low temperature curing. The apatite layer of the PC50 sample was dense as displayed in Fig. 4c . It should be noted that, when the sample contacted SBF solution, the alkali ions leached out and resulted in high concentration of ions near the contact surface and supersaturation of SBF. This limited the ability of calcium and negative phosphate ion dissolutions and finally affected the growth of HA formation. Furthermore, it has been shown that the pore volume as measured by mercury intrusion porosimetry slightly increases with increasing temperature of curing [31] . With the increase of pore volume, the release of OH − usually will be promoted. However, for the curing at high temperature, the increase in pore volume occurred in conjunction with the increase in strength and micro-structural development of paste and thus the release of OH − was reduced. The enlarged pore size and pore volume of paste led to a higher contact area to SBF solution and increased the leaching of calcium ions from calcium hydroxide and produced biocompatible calcium carbonate. Large amounts of calcium carbonate (calcite) on PC50 and PC100 samples with 60°C heat curing were evident as observed by the XRD analysis (Fig. 5) . Similar HA induction on heattreated surface was demonstrated for CaO containing titanium [37, 39] . For the PC100 mix, SEM results indicated the presence of apatite particles of approximately 1 μm in diameter as shown in Fig. 4d . Fig. 5 shows the XRD pattern of PC100 and PC50 samples with 23 and 60°C curing. The graphs showed HA observation on samples. Calcium phosphate was located by the prominent peaks at 25.1, 31.6 and 49.4°2θ. Calcite (CaCO 3 ) was also detected by high peak in the PC50 mix cured at 60°C and the amount was lower in the same mix cured at 23°C. A high amount of calcite was also presented in the PC100 mix cured at 60°C. In addition, calcium silicate (Ca 3 SiO 5 ) was detected at 32.5°2θ in both PC50 and PC100 mixes with 60°C curing. As this peak was near the 31.6°peak of calcium phosphate, the clarity of the two peaks was thus hindered. Another observed peak was quartz (SiO 2 ) in the PC50 mix which was from the unreacted CK in the system. The addition of WPC increased calcium ions into the geopolymer system and contributed to the precipitation of HA on the sample surfaces. The HA crystal formed on geopolymer surface showed main characteristic peaks similar to that reported by previous work [40] .
The in vitro test of the CK-WPC geopolymer soaked in SBF solution indicated good bioactivity. Calcium hydroxide (Ca(OH) 2 ) reacted with SBF and released calcium ions into SBF solution [41] and further transformed to calcium carbonate (CaCO 3 ) with good bioactivity [8] . Moreover, the Si-OH in geopolymer products promoted the forming ability of HA layer on its surface since the formation of HA layer depended on the content of Ca 2+ ions and silicate groups at the sample surface [42, [8] . The bioactivity of geopolymer cement system was shown to be improved by the addition of WPC. The results from this study indicated that the CK-WPC geopolymer paste showed promising properties for use as biomaterial. However, it should also be pointed out that the release of OH − from the material can cause severe cytotoxic effects to cells. Therefore, further cytotoxic study is suggested for this CK-WPC geopolymer for application as biomaterial. 
Conclusions
The addition of appropriate portion of white Portland cement into the calcined kaolin geopolymer system enhanced the mechanical properties of the geopolymer and provided a suitable bone repair and implant material in terms of rapid setting and high compressive strength. The addition of 50% WPC into the system increased the calcium compounds in the geopolymer matrices and enhanced the performance of geopolymer pastes. When exposed to SBF, the geopolymer exhibited good bioactivity. A large amount of hydroxyapatite bio-layer obviously formed on the matrix surfaces. The curing at 60°C resulted in the reduction of pH of SBF solution and promoted the precipitation of hydroxyapatite on blended geopolymer surface compared to the samples cured at 23°C.
